Historic parchment is a macromolecular material, which is complex due to its natural origin, inhomogeneity of the skin structure, unknown environmental history and potential localised degradation. Most research into its stability has so far focussed on thermal and structural methods of analyses.
Introduction
Parchment is a unique, historically exceptionally important material. From the Middle Ages, its production from goat, sheep or calf skins traditionally involved removing hair in lime, washing in water, thinning and drying under tension. In ancient times, unhairing was achieved mostly by soaking in liquors containing vegetable infusions [1] . Though there are no extensive studies on the correlation between the lipid content of parchment and materials involved in the processing of the skins, there are results indicating higher proportion of fats in non-limed parchment [2] .
The product is a predominantly collagenous material, however, the production process sometimes involved rubbing with a variety of materials to improve the appearance and writability. It was well known that adhesion of ink onto parchment depends on thorough removal of animal fats from the parchment and for this purpose, lime, chalk or ash was applied [3] .
Due to its historical importance, the durability of parchment is of particular interest. However, studies of historic materials are difficult due to the unknown environmental history and production methods. In addition, being made from animal skins, parchment has a very uneven composition and structure. Using micro-samples, methods of thermal analysis are often used to study parchment degradation [4] [5] [6] , focusing on thermal degradation of collagen. Recently, however, the idea has been put forward that lipids in parchment might have a role in long-term parchment degradation and the correlation between lipid content and collagen damage evaluated using XRD was demonstrated on a number of historic parchment samples [7] .
There is a compelling body of evidence that in living organisms, oxidation of proteins is associated with a variety of disorders, from Alzheimer's disease, rheumatoid arthritis, diabetes, sepsis, chronic renal failure, to respiratory distress syndrome [8] . The evidence for oxidative stress can be found in the increase of the content of carbonyl groups in protein macromolecules, but also in the content of low-molecular weight carbonyl compounds present in the substrate.
'Carbonyl stress' is associated mainly with autoxidation of carbohydrates or lipids [9] . In living organisms, the latter process is characterised especially by production of malondialdehyde (MDA) and hydroxynonenal, although it is known that lipid autoxidation leads to a large variety of low-molecular weight products [10] . Oxidation of proteins then proceeds through either direct reaction with reactive oxygen species produced in the process of lipid autoxidation (hydroxyl radical, peroxyl radical, hydrogen peroxide etc.) or through reactions with reactive carbonyl species, which lead to the production of correspondingly modified amino acids, e.g. MDAlysine. Other possibilities for oxidation of cellular proteins include transition-metal mediated oxidation [11] and photoxidation [12] .
Based on the research done on biological systems, it seems that for the degradation of parchment at moderate temperatures, lipid autoxidation-mediated oxidation of collagen might be very relevant, however, experimental evidence still needs to be presented. Separation and identification of aldehydes in parchment could be performed using liquid chromatography or even gas chromatography, considering that low-molar mass aldehydes are volatile. In order to provide evidence for the presence of reactive oxygen species in parchment, however, chemiluminometry is a very appropriate technique.
The emission of light as a consequence of oxidation has long been used in studies of degradation of polymeric materials [13] and has also extensively been used in studies of historic paper [14] , but not for many other historic materials of organic origin. Additionally, there are only a few studies of chemiluminescence (CL) of proteinaceous materials. Abrusci et al. studied chemiluminescence of gelatine and showed that light emission depends on the content of hydrogen peroxide, on macromolecular mobility and on the bloom value [15] . Millington et al., on the other hand, focussed primarily on wool proteins, but also used collagen and a number of amino acids for comparison [16] . Both found similar CL phenomena in N 2 and O 2 atmospheres, and the dependence of CL on the glass transition temperature, T g .
In our study, we investigated the content of volatile aldehydes present in parchment using solidphase micro-extraction and GC/MS to provide an indication of lipid autoxidation taking place during low-temperature degradation of parchment. In order to investigate oxidation phenomena in situ, we employed chemiluminometry of differently delipidised parchment. Our results provide experimental confirmation of the importance of lipid-autoxidation in low-temperature degradation of parchment.
Experimental

Materials
Two types of calf skin parchment (A, B) were used, sourced through suppliers of conservation materials. The sample containing more lipids was extracted with hexane using a Soxhlet apparatus for 0 min (A0, only immersed in hexane and dried), 15 min (A1), 60 min (A2), 90 min (A3) and 150 min (A4). After extraction, the samples were dried in vacuum and equilibrated at room temperature in darkness for several days.
Solid phase micro extraction (SPME)
In order to investigate the emissions from oxidised parchment, we subjected the individual samples to a pre-oxidation treatment (80 o C for 90 h) in a 1.5-mL glass vial. Headspace sampling was performed from the vials using SPME fibres (Supelco, Bellefonte) with a DVB/CAR/PDMS stationary phase, thickness 50/30 μm. Before each sampling, the fibre was pre-conditioned at 250 o C for 30 min.
Gas chromatography-mass spectrometry (GC-MS)
An Agilent Technologies 7890 gas chromatograph, coupled to an Agilent Technologies 5975C
quadrupole mass spectrometer equipped with a Gerstel cooled injection system CIS 4 and a 60-m performed using total ion current, and afterwards the identification of the most abundant volatiles was performed using the NIST mass spectra library.
Chemiluminometry (CL)
Chemiluminometric experiments were performed using the Lumipol 2 chemiluminometer, was performed in order to follow the formation of peroxide species during oxidation.
Results and discussion
In order to examine the presence of aldehydes emitted from the parchment samples during atmospheric oxidation, we subjected them to an oxidation pre-treatment, which involved heating at 80 o C for 90 h in closed vials. Following this step, sampling of the emitted volatiles using SPME fibres was performed for 1 h at room temperature. The desorption of volatiles was performed in the GC injector at 250 o C and chromatographic separation and identification was performed. The majority of VOCs emitted from the parchments were acyclic aliphatic aldehydes with carbon chains of different length (C4-C9). The relative amount of the emitted volatile aldehydes and ketones from parchment A is much more intensive than that from parchment B (Fig. 1) . In Table 1 , we list the identified compounds emitted from the two materials and it is evident that most are aldehydes and ketones, the majority of which are linear chain molecules, which could be derived from lipid autoxidation. Especially in sample A (Fig. 1 ), 6-methyl-2-heptanone (t R = 16.9) is a particularly abundant species. Fig. 2 , we can observe CL curves exhibiting distinct features, which can be associated with the emission of aldehydes and ketones: parchment A emits a higher amount of carbonyl compounds while parchment B exhibited a very low emission (Fig. 1) . The CL experiment with the non-pre-oxidised parchment shows an almost monotonous increase of intensity until a peak is reached at 170-180 o C. This peak is present in both oxidised and nonoxidised samples and its origin is at present the subject of further studies.
The CL peak at 140-150 o C is also of great interest: it appears as a prominent feature after oxidation of both parchments. In both proteinaceous and cellulosic materials, this peak is associated with peroxide content [14, 16] , the peroxides having been introduced during the 2-h pre-oxidation at 80 o C in oxygen. It is evident that the peak, and CL emission in general, is higher in the sample emitting more carbonyl compounds.
The presence of these compounds could be regarded as an indication of oxidative stress in parchment, similar to the often discussed carbonyl stress in biological systems. On the other hand, aldehydes can also initiate autoxidative processes [13] and thus increase damage associated with lipid autoxidation. The emission of large quantities of aldehydes from parchment could therefore be regarded as an indication of more extensive degradation and since it can be performed quickly and in a non-destructive manner, could prove to be an attractive option for assessment of material stability. During autoxidation, the accumulation and stability of peroxide species in a macromolecular matrix depends on a number of parameters, chemical (macromolecular chain composition, presence of impurities etc.), physical (macromolecular movement, diffusion of gases through the macromolecular matrix etc.) and environmental (temperature, humidity, light etc.) [13, 17] . The CL studies so far performed on collagenous materials support the view that in collagen, peroxide species are not very short-lived and this can be observed using chemiluminometry. However, the fact that parchment is a particularly non-homogenous material from both the chemical and structural perspective, considerably contributes to difficulties with interpretation of CL emission.
The experiments described in Fig. 2 indicate that the emission of carbonyl compounds from parchment can be associated with lipid content. In order to provide the experimental evidence,
we performed a series of experiments with partly delipidised parchment samples. We achieved this through Soxhlet extraction of a modern parchment for different periods of time, from 0 (washing by immersion) to 150 min. Subsequently, the samples were thoroughly dried in vacuum and re-equilibrated at room conditions. Fig. 3 ). The sample exposed to no pre-oxidation (A0 no ox in Fig. 3 ), exhibits no peroxide peak and in general shows lower intensity of CL emission.
By deconvolution of the curves in Fig. 3 into Gaussian peaks, we can plot the areas of the peroxide peaks versus duration of Soxhlet extraction (Fig. 4) . It is evident that removal of lipids from the macromolecular material significantly decreases the amount of peroxides following a pre-oxidation treatment. In addition, we performed pre-oxidation experiments (80 o C for 90 h in closed vials) with the delipidised samples and subsequently analysed the emitted volatiles using SPME-GC/MS. Semiquantitative determination was performed for the most abundant carbonyl compound 6-methyl-2-heptanone. From Fig. 4 , it is evident that the emission of aldehydes and ketones, and the emission of chemiluminescence during atmospheric oxidation correlate very well.
Following the above experiments, we can conclude that both the amount of peroxides and the amount of carbonyl compounds can be linked to the lipid content of parchment, which is washed out during extraction with hexane (max. loss of mass was 1.7%). Autoxidation of lipids is a relatively well researched subject [10] and decomposition of peroxides can proceed via a number of pathways including production of oxygen-containing free radicals. In parchment, their migration from the point of production is possible and oxidative damage to collagen can be the consequence. On the other hand, migration of aldehydes, themselves products of lipid autoxidation, and their further oxidation may lead to infectious spreading of oxidation of parchment with a high lipid content. Our work thus demonstrates the missing link between degradation of the collagenous phase and lipid autoxidation, and the emission of volatile aldehydes and ketones as its consequence.
Conclusions
Using SPME-GC/MS we have shown that oxidation of lipids in parchment leads to emission of volatile carbonyl compounds, which are well-known to be products of lipid autoxidation. Using chemiluminometry, we have also shown that peroxides are formed during oxidation of parchment and that a higher content of lipids leads to more extensive formation of peroxides.
Based on this, we argue that autoxidation of lipids in parchment leads to degradation of the collagenous phase. The origin of lipids in parchment could be either intrinsic (i.e. originating from the skin) or extrinsic (i.e. introduced during production or even conservation intervention).
The occasional use of unsaturated oils for parchment preservation should thus be discouraged.
On the other hand, emissions of volatile aldehydes could be an important indicator of parchment instability -especially since the analyses can be performed in a non-destructive manner, which is essential for objects of high historic and artistic value. Further work is needed to better understand light emission from parchment and oxidation of this highly interesting proteinaceous material.
